
. " . 

NASA Technical Memorandum 105562 

/#-a 7 
77733- 

NASA's Rotary Engine Technology Enablement 
Program - 1983 Through 1991 

(NASA-TH-105562) NASA's  ROTARY E N G I N E  iu9rr-L 0 3 3 3  

( N A S A )  17 p C S C L  ? l E  
TFLHYCILCGY ENABLEWEYT PRQ5RA34: 1983-1991 

Uncl JS 
53/07 @'?7'1735 

Edward A. Willis ' 

Sverdrup Technology, Inc. 
Lewis Research Center Group 
Brook Park, Ohio 

and 

John J. McFadden 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 

Prepared for the 
International Congress and Exposition 
sponsored by the Society of Automotive Engineers 
Detroit, Michigan, February 24-28, 1992 



NASA's  ROTARY ENGINE TECHNOLOGY ENABLEMENT 
PROGRAM -- 1983 through 1 9 9 1  

Edward A. Willis 
SverdrupTechnology, Inc. 

Lewis Research Center Group 
Brook Park, Ohio 44142 

and 
John J. McFadden 

National Aeronautics and Space Administration 
Lewis Research Center 

ABSTRACT Cleveland, Ohio 44135 

This  paper provides a b r i e f  review o f  NASA's Rotary 
Engine Technology Enablement Program from 1983 
through 1991, w i t h  pr imary emphasis on the CFD or 
Computational Fluid Dynamics approaches used s ince 
1987. The main d iscuss ion includes both code 
development and app l i ca t i ons  t o  several  
p a r t i c u l a r l y  d i f f i c u l t  i n t e r n a l  a i r f l ow ,  f u e l - a i r  
mix ing and combust ion-related problems. A sumnary 
o f  the f i n a l  s ta tus  o f  the technology i s  given. 

INTRODUCTI(WY 

NASA's o r i g i n a l  goal i n  t h i s  program was t o  
es tab l i sh  the  technology base f o r  super ior  new 
powerplants f o r  l i g h t  a i r c r a f t  and s i m i l a r  uses. 
These new powerplants, des i rab ly ,  would combine 
some o f  t he  b e t t e r  features of rec ip roca t ing  and 
gas- turb ine engines, so as t o  s imultaneously be 
f u e l - e f f i c i e n t ,  r e l i a b l e ,  l i g h t ,  easy t o  i n s t a l l  
and cos t -e f fec t i ve .  Based on engine and 
a i r c r a f t / m i s s i o n  s tud ies conducted i n  the e a r l y  
1980's, Ref. 111 - 131, the r o t a r y  (Wankel) engine 
was perceived t o  have many o f  the des i red features,  
i nc lud ing  i n  p a r t i c u l a r  the p o t e n t i a l  a b i l i t y  t o  
burn j e t  and other  d i s t i l l a t e  f u e l s  as we l l  as 
gasol ine.  I t  was a l s o  judged t o  be capable of  
s i g n i f i c a n t  f u r t h e r  development, s ince on ly  a 
l i m i t e d  amount o f  r o t a r y  engine R8D had been 
accomplished up t o  t h a t  time. E x i s t i n g  automotive 
r o t a r y  engines had by then demonstrated h igh  power 
outputs i n  a compact, smooth-running and r e l i a b l e  
package, but requi red h igh  grade gasol ine and were 
less f u e l  - e f  f i c i  ent than comparable rec ip roca t ing  
engines. Accordingly, the bas ic  t h r u s t  o f  the NASA 
Rotary Engine Technology Enablement Program was t o  
improve the  r o t a r y  engine's e f f i c i e n c y  t o  a l eve l  
which would be genera l l y  perceived as 
'Icompe t i t i vel1. Speci f i ca l 1 y, t h i s  meant a c r u i  se 
BSFC of  no more than 244 g/kwh o r  0.40 #/bhp-hr 
under i n s t a l l e d ,  warranted condi t ions,  whi le  
running on Jet-A o r  o ther  r e a d i l y  ava i l ab le  
a v i a t i o n  fue l s .  (This  i s  equiva lent  t o  about 213- 
219 g/kwh or 0.35-0.36 #/bhp-hr under dynamometer- 
l abo ra to ry  condi t ions. )  

FIGURE 1 l i s t s  the formal technica l  
ob jec t i ves  o f  the program. These object ives are 
ambit ious but were o r i g i n a l l y  thought t o  be 
achievable by the end o f  F Y  1992. The program t o  be 
descr ibed h e r e i n  was i n i t i a l l y  planned on tha t  
basis.  

A PARTICULAR form o f  the r o t a r y  engine, the 
s o - c a l l e d  s t r a t i f i e d - c h a r g e  r o t a r y  engine o r  SCRE 
was considered t o  have t h e  best chance o f  meeting 
these object ives.  In t h i s  embodiment, see Figure 2, 

the pr imary s t r u c t u r e  cons is t s  o f  a t r i a n g u l a r  
r o t o r  which moves in  hula-hoop fashion w i t h i n  a 
t rochoidal  housing. The r o t o r ' s  motion, generated 
by an eccen t r i c  crank and t i m i n g  gears, i s  such 
t h a t  the r o t o r  makes one complete r e v o l u t i o n  f o r  
three revo lu t i ons  o f  the crank, wh i l e  i t l s  sealed 
t i p s  ma in ta in  contact  w i t h  the t rocho id  wal ls .  A 
combustion pocket i s  cu t  i n t o  each r o t o r  f lank;  the 
pocket t y p i c a l l y  conta ins about 50% of the t o t a l  
working volume a t  top-dead-center (TDC) .  Thus, each 
o f  t he  r o t o r  f l anks  def ines a sealed working volume 
i n  which the f a m i l i a r  s t rokes o f  intake, 
compression, cornbustion/expansion and exhaust are 
accomplished. One complete f o u r - s t r o k e  cyc le  i s  
accomplished per crankshaf t  revo lu t i on .  

IN Camm with o the r  vers ions o f  the Wankel 
r o t a r y  engine, t he  SCRE r e t a i n s  the c l e a r  v i r t u e s  
o f  compactness, low weight and v i b r a t i o n ,  h igh  
power and s i m p l i c i t y .  I t  d i f f e r s ,  however, from i t s  
convent ional  automotive counterpart ,  i n  t h a t  i t  
employs d iesel - type,  timed, h igh  pressure f u e l  
i n j e c t i o n ,  across an i g n i t i o n  source, t o  main ta in  a 
degree o f  c o n t r o l  over the  combustion event. With 
appropr ia te choices of  the i g n i t i o n  and f u e l -  
i n j e c t i o n  parameters, t he  combustion process can 
u s u a l l y  be c o n t r o l l e d  t o  the  p o i n t  where f u e l  
octane o r  cetane numbers have l i t t l e  o r  no e f f e c t .  
This c h a r a c t e r i s t i c  c l e a r l y  p o i n t s  t o  m u l t i - f u e l  
c a p a b i l i t y ,  which was a major program goal .  The 
SCRE a l so  presented some major challenges and 
oppor tun i t i es  i n  terms o f  understanding and 
op t im iz ing  i t ' s  novel  combustion process. The 
ob jec t  o f  t h i s  paper i s  t o  descr ibe some o f  the 
ways i n  which these chal lenges were addressed. 

SINCE 1983, the program has been approached 
v i a  a se r ies  o f  t h ree  consecut ive con t rac ts  w i t h  
major indust r ies,  supported as appropr ia te by in -  
house e f f o r t s ,  smal l  i ndus t r y  contracts  and 
U n i v e r s i t y  grants.  For convenience, i t  has become 
customary t o  r e f e r  t o  Phase I, Phase I 1  and Phase 
I 1 1  o f  the  t o t a l  program, according t o  the major 
cont ract  i n  p lace a t  the time. ( Phase I - - C u r t i s s -  
Wright Corp., FY 1983-84; Phase 11--Deere & Co., F Y  
1986-89; Phase 111--Deere & Co., F Y  1990-91 1. The 
same nomenclature w i l l  be u t i l i z e d  herein.  This 
paper provides a b r i e f  sumnary o f  t he  e f f o r t  from 
the viewpoint  o f  eventual  app l i ca t i ons  i n  the l i g h t  
a i r c r a f t  o r  r e l a t e d  f i e l d s .  A p a r a l l e l  paper i n  
t h i s  Session discusses many o f  the same 
developments from a b road-app l i ca t i on  p o i n t  o f  
view, see Ref. 143. The present d iscuss ion touches 
on a l l  major aspects o f  the e f f o r t ,  bu t  p laces 
pr imary emphasis on the CFD o r  Computational FLuid 



2 

Dynamics approaches and r e s u l t s  o f  the l a t e r  stages 
of the program. Also included i s  a sumnary o f  the 
f i n a l  s ta tus  of  the technology as the program 
approaches a conclusion. 

RESULTS 8 DISCUSSIOW 

PHASE I 8 I 1  

Object ives:  The intent i n  t h i s  e a r l y  p a r t  o f  the 
program inc luded four major ob ject ives,  as shown 
below. 

1 )  Design, b u i l d  and acceptance-test  a 
high-performance r o t a r y  engine t e s t  r i g  
capable o f  sustained running a t  the s p e e d s ,  
loads and other  condi t ions i d e n t i f i e d  i n  the 
precursory studies.  

2 )  Demonstrate m u l t i - f u e l  c a p a b i l i t y .  
3) Accomplish i n i t i a l  R&D app l i ca t i ons  o f  

the r i g  w i t h  emphasis on h igh-pressure,  
e l e c t r o n i c a l l y - c o n t r o l l e d  f u e l  i n j e c t i o n .  

4 )  Develop and apply computat ional - f lu id-  
dynamics ( C F D )  methods t o  b e t t e r  understand and 
improve the combustion 

Related Events: 
THE PHASE I contract  was awarded t o  the 

Cur t i ss  Wright Corporation i n  e a r l y  FY 1983. 
CURTISS-URIGHT s o l d  the r o t a r y  engine 

business t o  John Deere & Co. i n  e a r l y  1984 and 
Deere completed the Phase I t e s t i n g  under 
novation. The Phase I 1  cont ract  was awarded t o  
Deere i n  F Y  1986. 

DEERE, NASA in-house and U n i v e r s i t y  Grant 
e f f o r t s  were a l s o  i n i t i a t e d  dur ing t h i s  pe r iod  w i th  
add i t i ona l  ob ject ives inc lud ing:  a) the development 
and a p p l i c a t i o n  o f  advanced a n a l y t i c a l  methods such 
as improved CFD codes t o  study i n t e r n a l  a i r f l o w ,  
combustion and re la ted  events; and b) the use o f  
l a s e r - o p t i c a l  and re la ted  techniques t o  o b t a i n  
experimental data fo r  code assessment purposes. 
P r i n c i p a l  Results: The fo l l ow ing  major r e s u l t s  were 
accomplished. 
I N  PHASE I, the r i g  was bu i l t  under Contract  NAS3- 
23056, i n i t i a l l y  wi th  the Cur t iss-Wr ight  Corp., but 
l a t e r  novated t o  Deere. See Ref. [SI. Figure 3 
i l l u s t r a t e s  the general arrangement o f  t h i s  very 
rugged t e s t  a r t i c l e .  I t ' s  i n t e r n a l  a i r f l o w  l ines,  
combustion chamber geometry, f u e l  i n j e c t i o n ,  
i g n i t i o n  and sea l i ng  arrangements were i d e n t i c a l  t o  
those def ined i n  the o r i g i n a l  studies,  but  i t  was 
s t r u c t u r a l l y  beefed-up t o  wi thstand l i m i t  cond i t i on  
t e s t i n g  and/or accidental  overloads. The s i n g l e  
r o t o r  design provided a very s t i f f  mainshaft as 
we l l  a s i m p l i f i e d  conf igurat ion.  Acceptance t e s t s  
showed i t  was s t r u c t u r a l l y  sound and able t o  meet 
the maximum speed and maximum load requirements 
separately,  but  no t  simultaneously. As o r i g i n a l l y  
b u i l t ,  i t  could no t  develop the a n t i c i p a t e d  maximum 
r a t i n g  o f  120-150 kw (160 - 200 BHP) 6l 9600 RPM due 
t o  l i m i t a t i o n s  of  the f u e l - i n j e c t o r  system. Thus, 
f u e l - i ! . j e c t i o n  technology was i d e n t i f i e d  as the 
f i r s t  major b a r r i e r  t o  obta in ing the expected 
l e v e l s  o f  power output and e f f i c i e n c y .  Review o f  
the Phase I t e s t  resu l t s  nevertheless i nd i ca ted  
tha t  the speci f ic -output  l eve l s  p ro jec ted  i n  the 
o r i g i n a l  s tud ies ( 180 kw/ l  o r  4 HP / cu.in. ) 
could be at ta ined,  provided t h a t  some advanced form 
of h i g h - r a t e  f u e l - i n j e c t i o n  technology could be 

process i n  the SCRE. 

obtained t o  support the necessary f u e l  f l o w  a t  t he  
f u l l  r a ted  RPM. 

WLTI-FUEL c a p a b i l i t y  was demonstrated 
e a r l y  on. As F igure 4 suggests, t e s t s  w i t h  
gasoline, d iese l ,  j e t  and va r ious  o the r  f u e l s  a l l  
showed s u b s t a n t i a l l y  t he  same thermal e f f i c i e n c i e s  
i n  a g iven engine. I n  most cases, t he re  was l i t t l e  
o r  no observable octane o r  cetane dependence. This  
was expected s ince  i t  i s  inherent  i n  the  
s t r a t i f i e d - c h a r g e  combustion concept. The f a c t  t h a t  
the r o t a r y  i s  so w e l l  adaptable t o  s t r a t i f i e d -  
charge i s  one o f  i t ' s  major advantages. I t ' s  
a b i l i t y  t o  t o l e r a t e  var ious f u e l s  makes i t  
p a r t i c u l a r l y  use fu l  i n  those p a r t s  o f  t he  wor ld  
where f u e l  a v a i l a b i l i t y  o r  q u a l i t y  may be an issue. 

I N  PHASE 11, an advanced, h igh  pressure, 
e l e c t r o n i c a l l y  c o n t r o l l e d  f u e l - i n j e c t i o n  system was 
i d e n t i f i e d ,  p r c u r e d  and tested, Ref. 6 .  Bench 
t e s t s  were successful  i n  terms o f  f l ow  r a t e s  and 
frequency response. I n  engine r i g  tes t i ng ,  the 
o r i g i n a l  s p e c i f i c  power goal  o f  180 kw/ l  o r  4 
HP/cu.in. was demonstrated w i t h  r e l a t i v e  ease and a 
new long range goal  o f  230 kw/ l  o r  5 HP/cu.in. was 
adopted by mutual agreement. Unfor tunate ly ,  the 
c r u i s e  BSFC associated w i t h  t h i s  technology was 
i n i t i a l l y  worse than t h a t  o f  the o r i g i n a l  
conf igurat ion.  This was a t t r i b u t e d  t o  the  rate- 
shape o f  the f u e l  i n j e c t i o n  f l ow  pulse,  which had a 
d e c l i n i n g  c h a r a c t e r i s t i c  vs the square o r  r i s i n g  
c h a r a c t e r i s t i c  o f  the o r i g i n a l .  Subsequent e f f o r t s  
were re-focussed on improving the speed/flow 
c a p a b i l i t i e s  o f  the more convent ional ,  mechanical 
type f u e l  i n j e c t i o n  systems. 

TURBOCHARGING was found t o  be a very 
e f f e c t i v e  way o f  improving the best BSFC as we l l  as 
the maximum power o f  the SCRE, throughout Phases I, 
I 1  and 111. Work r e l a t e d  t o  turbocharging was 
i n i t i a l l y  pursued t o  p rov ide  an increased power 
densi ty .  The r e s u l t s  showed no t  o n l y  the  expected 
higher power, but  a subs tan t i a l  improvement i n  BSFC 
as wel l .  F igure 5 i l l u s t r a t e s  a t y p i c a l  e f f e c t  o f  
turbocharging on SCRE economy and equivalence 
r a t i o .  ( These p a r t i c u l a r  r e s u l t s  were generated 
w i th  the Sverdrup Technology (SVT)  system/cycle 
computer code o f  Ref. 17, but  are representat ive o f  
many experiments throughout the program.) As t h i s  
data ind icates,  the BSFC improvement was most 
ev ident  a t  the h igher  powers where i t  was most 
needed. As the power increased, the  normal ly  
asp i ra ted  engine's equivalence r a t i o  soon increased 
t o  the reg ion (>0.7) t h a t  i s  u s u a l l y  a s s i c i a t e d  
w i th  less e f f i c i e n t  combustion. This e f f e c t ,  
working against  t he  normal improvement o f  
mechanical e f f i c i e n c y  w i t h  load, r e s u l t e d  i n  a BSFC 
m i n i m u m  a t  about 40 Bhp. Turbocharging resu l ted  i n  
h igher  a i r f l o w  and hence lower equivalence r a t i o s ,  
e s p e c i a l l y  a t  h igher  powers. This  delayed the  onset 
o f  lower combustion e f f i c i e n c y ,  so t h a t  the low 
BSFC reg ion became broader, moved downward and 
s h i f t e d  t o  h igher  output powers. 

CFD DEVELOPMENT and r e l a t e d  analys is  
e f f o r t s  on the SCRE were i n i t i a t e d ,  f i r s t  a t  Deere, 
and l a t e r  a t  Sverdrup Technology and a t  two o f  
NASA's u n i v e r s i t y  grantees. The development o f  
Deere's CFD code, known as REC-1, began ca. 1984. 
As descr ibed i n  Ref. 8 - 10, i t  became operat ional  
i n  1987 and soon l e d  t o  a h i g h l y  improved form o f  
the main f u e l  i n j e c t i o n  spray pa t te rn .  This  became 
known as the  "fan" o r  non-shadowing spray pat tern,  
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Ref. 11. A very  b e n e f i c i a l  app l i ca t i on  was a l s o  
made t o  the  p i l o t  spray, known as the 88rabbi t -ears"  
spray o r  d u a l - o r i f i c e  p i l o t ,  Ref. 12. 

THE PHASE 11 technica l  e f f o r t  was completed a t  
t he  end o f  FY 1989. By then, as i l l u s t r a t e d  i n  
Figure 6, the  t e s t  r i g  had demonstrated over 195 
kw/ l  (4.3HP/cu.in. 1, a c ru i se  BSFC o f  about 256 
g/kwh (0.42 tbs/BHP-hr) on j e t  fuel, d iese l  f u e l  o r  
a v i a t i o n  gasol ine and ( i n  terms o f  computer 
s imulat ions ) the  p o t e n t i a l  t o  be an e f f e c t i v e  
powerplant f o r  a v a r i e t y  o f  h igh  a l t i t u d e  
appl icat ions.  The improvement noted i n  s p e c i f i c  
power can be p r i m a r i l y  a t t r i b u t e d  t o  a combination 
o f  turbocharging and improved f u e l  i n j e c t o r s .  The 
BSFC improvement i s  due l a r g e l y  t o  the CFD-inspired 
spray p a t t e r n  modi f icat ions together wi th 
con t inu ing  op t im iza t i on  o f  the engine- turbocharger 
match. 

PHASE I 1 1  

Object ives:  The p r i n c i p a l  t h rus t  of  Phase 111 was 
t o  cont inue, extend and complete the work begun i n  
Phase I 1  t o  ob ta in  the o r i g i n a l  major goals of: 

1) 230 kw/ l  (5 HP/cu.in.) ZI takeoff ;  
2)  a c r u i s e  BSFC o f  216 g/kwh ( 0.355 

lbs/BHP-hr.) o r  bet ter ;  
3) a w e a r - l i f e  p o t e n t i a l  of a t  l e a s t  2000 

hrs.  TBO; 
4)  a c r u i s e  a l t i t u d e  c a p a b i l i t y  o f  10 km. 

( 33000 ft.) or more f o r  a general a v i a t i o n  
type mission; wh i l e  

5) mainta in ing m u l t i - f u e l  c a p a b i l i t y  w i t h  
a t 1  the above. 

P r i n c i p a l  Results: IMPROMD FUEL-INJECTOR t e s t s  
with a mod i f i ed  high-speed f u e l  pump l e d  t o  meeting 
the 5 HP/cu.in. s p e c i f i c  power goal. I n  the 
process, i t  was observed tha t  the r i g  was n o t  
running e f f i c i e n t l y  a t  t h i s  power ( i t  was too  r i c h  
); p r e d i c t i o n s  w i t h  a c y c l e  and system s imu la t i on  
code s i m i l a r  t o  Ref. [ I71 i nd i ca ted  t h a t  an 
enlarged exhaust port would enable a h igher  
a i r f l o w ,  thus leaning the m ix tu re  and p rov id ing  a 
major g a i n  i n  e f f i c i e n c y  a t  maximum power. Two new 
t r o c h o i d  housings were procured f o r  l a t e r  tests :  
one hav ing a minor (30%) and one wi th  a major 
(100%) enlargement o f  the exhaust p o r t  area. Figure 
7, generated with the Ref.1171 code, i l l u s t r a t e s  
the  p red ic ted  BSFC changes between the o r i g i n a l  and 
a range o f  enlarged p o r t  areas a t  maximum power. 
Meanwhile, i n  the ongoing experimental program, 
f u r t h e r  t e s t s  w i th  cont inu ing spray-pat tern 
op t im iza t i ons  and improved engine/turbocharger 
matching brought the c r u i s e  BSFC down t o  about 
244g/kwh (0.40 lbs./BHP-hr.) wi th  the standard 
con f igu ra t i on .  

THE CFD-oriented approach o f  Phase 11 was 
cont inued w i t h  e f f o r t s  t o  r e f i n e  Deerels REC-1 
code; e f f o r t s  t o  complete an assessment o f  the SVT 
CFD code known as AGNI-3D and descr ibed i n  
Ref. 1191- 1231; e f f o r t s  t o  complete an a l t e r n a t i v e  
rotary-CFD p r o j e c t  a t  Carnegie-Mellon U n i v e r s i t y  
( r e s u l t i n g  i n  three d i f f e r e n t  versions, see 
Ref.C241-[261 1; and e f f o r t s  a t  Michigan State 
U n i v e r s i t y  t o  o b t a i n  experimental data on a i r f l o w ,  
spray and mix ing c h a r a c t e r i s t i c s  (see Ref.1271- 
301 1. 

TECHNICAL EMPHASIS by then was s h i f t i n g  

towards the  CFD-aided des ign o f  advanced r o t o r -  
pocket shapes and r e l a t e d  mod i f i ca t i ons  t o  the 
t rocho id  housings. This  type o f  change i s  
p o t e n t i a l l y  more powerful  than the  s imple spray- 
p a t t e r n  changes which were i nves t i ga ted  i n  Phase 
11, but i s  a l s o  more expensive and time-consuming 
t o  implement s ince  new pa t te rns  and cas t i ngs  a re  
required. F ive major i t e r a t i o n s  o f  t h i s  na tu re  were 
o r i g i n a l l y  planned f o r  Phase 111. These were: 1) 
t he  d u a l - i g n i t i o n  r o t o r  housing, see F igure 8; 2) 
the enlarged-exhaust-port  r o t o r  housing descr ibed 
above; 3)  a 18reentrant-pocket81 ro to r ;  4) a 
111eading-deep-recess-pocket88 ro to r ;  and 5) a "dual- 
pocket" ro to r .  (The l a t t e r  t h ree  items are no t  
i l l u s t r a t e d . )  

FRICTION REDUCTIOII and a d d i t i o n a l  work 
o r i en ted  towards f u r t h e r  improvements o f  t he  f u e l -  
i n j e c t i o n  system, turbocharging and spray pa t te rns  
was a l s o  undertaken. The r e s u l t s  t o  date from these 
e f f o r t s  a re  descr ibed i n  the f o l l o w i n g  paragraphs, 
see a l so  Ref. 7. 

DUAL-IGNITIOII housing t e s t s  addressed the 
con f igu ra t i on  i l l u s t r a t e d  i n  Figure 8 and descr ibed 
i n  Ref.1131 and 1141. The theory behind t h i s  
arrangement was based on the observat ion t h a t  the 
e a r l y  CFD s imulat ions o f t e n  showed ve ry  non-uni form 
m ix tu re  d i s t r i b u t i o n s  near TOC. Typ ica l l y ,  two 
combustible reg ions were separated by a reg ion o f  
ove r l y - r i ch ,  s low-burning mixture.  With on l y  one 
i g n i t e r ,  t he  i g n i t i o n  o f  t he  second combustible 
reg ion  was delayed u n t i l  w e l l  beyond TOC. With two 
i g n i t e r s ,  both regions cou ld  be i g n i t e d  a t  once t o  
enhance the  o v e r a l l  r a t e  o f  combustion. Although 
the theory was l o g i c a l ,  t he  experimental 
i n v e s t i g a t i o n  gave mixed r e s u l t s  as noted i n  
Ref.1151 and t l 6 l .  A t  low t o  medium power, the 
expected 877-10% improvements i n  e f f i c i e n c y  o r  BSFC 
were seen, and t h i s  would be an accomplishment o f  
some s i g n i f i c a n c e  f o r  most app l i ca t i ons  o f  the 
r o t a r y  engine. Figures 9 and 10 genera l l y  
i l l u s t r a t e  the  types o f  changes t h a t  occurred when 
dual  i g n i t i o n  was used. F igure 9 d i sp lays  a 
comparison o f  pressure data computed w i t h  the  
newly-operat ional  SVT AGNI-3D code ( Ref. 1221 ) and 
data obtained i n  the  Deere exper imental  program 
under nominal ly  i d e n t i c a l  cond i t i ons  (RPM, 6000; 
BMEP, 950 kPa (138 psi) ;  equivalence r a t i o ,  0.51) .  
As may be c l e a r l y  seen, the AGNI-3D computations 
agree almost p e r f e c t l y  w i t h  one o f  the two 
transducers reported. Compared w i t h  the other  
transducer, t h e  AGNI  r e s u l t s  show a s l i g h t  under 
p r e d i c t i o n  o f  the peak pressure magnitude bu t  s t i l l  
agree very we l l  w i t h  the c l e a r l y  observable t rends. 
From several  comparisons such as t h i s  (see Ref. t231 
o f  t h i s  Session), we conclude t h a t  AGNI  has reached 
the p o i n t  o f  being a use fu l  and f a i r l y  r e l i a b l e  
p r e d i c t i v e  t o o l  within t h e  l i m i t a t i o n s  and caut ions 
t h a t  apply t o  complex CFO codes o f  t h i s  so r t .  
F igure 10 then proceeds t o  show AGNI  p r e d i c t i o n s  o f  
t h ree  re levant  cases: (1) The s o l i d  curve 
dup l i ca tes  the d u a l - i g n i t i o n  r e s u l t s  shown i n  
F igure 9, a t  about 50% power and advanced i g n i t i o n  
timing; ( 2 )  The d o t t e d  curve i s  f o r  t he  same 
condi t ions except w i t h  t i m i n g  retarded t o  a value 
t y p i c a l  o f  the basel ine,  s i n g l e - i g n i t e r  case; and 
(3) The o r i g i n a l  s i n g l e - i g n i t e r  case, c l e a r l y  
showing two pressure peaks corresponding t o  the 
sequent ia l  burn ing o f  t he  two combust ib le regions. 
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By comparison of  the upper and lower curves, i t  may 
be seen tha t ,  f o r  g iven t iming, the change from 
s i n g l e  t o  dual  i g n i t i o n  resu l ted  i n  a s i g n i f i c a n t l y  
more favorable pressure prof  i le.  The t r a n s i t i o n  
from a double-peaked t race  t o  a higher,  s ing le -  
peaked t r a c e  ind icates tha t  the two combustible 
regions a re  now burning a t  the same time. Also, 
op t im iza t i on  o f  the i g n i t i o n  t im ing  has i t ' s  usual 
e f f e c t  ( t h e  improvement i s  i nd i ca ted  by an e a r l i e r  
and s t i  11 h igher  peak), as may be seen by comparing 
the upper two curves i n  Fig. 10. As a r e s u l t ,  the 
observed BSFC a t  5oX power improved by &%-lo% as 
p rev ious l y  noted. 

AT HIGH W I I E R ,  however, o ther  e f f e c t s  came 
i n t o  p l a y  t h a t  had not been p red ic ted  by e i t h e r  o f  
the CFD codes. Attempts t o  o b t a i n  s u b s t a n t i a l l y  
h igher power a t  the advanced t imings represented by 
the s o l i d  curve resul ted i n  a detonat ion type o f  
combustion i n s t a b i l i t y .  This was arguably fo l lowed 
by l oca l  overheating, seal  lockups, and excessive 
blowby o f  ho t  combustible mix ture i n t o  the 
fo l l ow ing  chamber, which i n  t u r n  increased the 
l i k e l i h o o d  o f  detonat ion in  t h a t  chamber. (While 
t h i s  sequence of events i s  admi t ted ly  
controvers ia l ,  the authors must p o i n t  out  t h a t  
s i m i l a r  phenomena can be noted dur ing any t e s t  o f  a 
gasol ine f u e l l e d  automotive r o t a r y  engine, when the 
spark i s  excess ive ly  advanced du r ing  a high-power 
run. Several such instances were noted, f o r  
example, du r ing  the work repor ted i n  Ref . l l81. )  On 
the other  hand, when the spark was retarded, as i s  
normal f o r  h igh  powers, the secondary i g n i t e r  
s imply d i d  not  l i g h t  o f f  the mixture.  The reasons 
f o r  t h i s  are again not c l e a r l y  understood a t  t h i s  
t ime and perhaps they a re  s t i l l  somewhat 
con t rove rs ia l .  I n  our view, the  most l i k e l y  
explanat ion i s  that  the higher l oca l  Ilsquish" 
v e l o c i t y  associated w i t h  l a t e r  t im ing  was 
s u f f i c i e n t  t o  e i t h e r  blow combustible mix ture away 
from the upstream-located i g n i t e r ,  o r  t o  s imply 
blow out  a weak, i n c i p i e n t  flame. I n  t h a t  case, a 
b e t t e r  l o c a t i o n  f o r  the second, trochoid-mounted 
i g n i t e r  would be downstream o f  t he  main i n j e c t o r  
nozzle, ra the r  than upstream o f  i t .  A t  a l l  events, 
the experimental performance de te r io ra ted  ab rup t l y  
a t  h igher powers, u n t i l  i t  was no b e t t e r  than the 
previous, s i n g l e - i g n i t e r  basel ine.  The u l t i m a t e  
cause o f  t h i s ,  regardless of  t he  d e t a i l s ,  was the 
f a i l u r e  o f  the second i g n i t e r  t o  prov ide consis tent  
i g n i t i o n  a t  the retarded t imings requi red f o r  h igh 
power operat ion.  Thus, al though much was learned, 
there was no improvement from the bo t tom- l i ne  
a v i a t i o n  v iewpoint  where c r u i s e  e f f i c i e n c y  a t  55%- 
75% power i s  t he  dominant requirement. 

KEEP I N  HIND, however, t h a t  the program 
discussed h e r e i n  i s  a research program i n  which the 
value of  what i s  learned should (and usua l l y  does) 
exceed the importance o f  irnnediate ob ject ives.  I n  
t h i s  instance we learned tha t :  (1) The t rochoid-  
mounted i g n i t e r ,  when i t  works proper ly ,  has an 
overwhelmingly powerful e f f e c t  on the subsequent 
combustion process and can o f f e r  large p o t e n t i a l  
b e n e f i t s  when proper l y  u t i  1 i zed; (2)  This concept 
i s  a r e l a t i v e l y  r i s k y  one a t  the present time, due 
t o  the absence o r  inadequacy o f  c u r r e n t l y - a v a i l a b l e  
i g n i t i o n  models f o r  CFD codes such as REC-1 and 
AGNI-3D; (3) The lack o f  an appl icable 
auto ign i t ion/detonat ion model compounds the problem 
even fu r the r ;  and ( 4 )  S t i l l  o ther  code refinements, 

such as seal- leakage model l ing and a wa l l -we t t i ng  
model, would a l l ow  us t o  reproduce and thus f u l l y  
understand the  l lv ic ious c i r c l e l l  descr ibed above, 
which apparent ly  invo lves detonat ion,  overheating, 
seal  lockup/leakage, and f i n a l l y ,  a worse case o f  
detonat ion.  

THE MODIFIED PORT housing, w i t h  an enlarged 
exhaust port area, was incorporated w i t h  an 
increased compression r a t i o  (8.4:l vs. 7.5:l 1, the 
best o f  t he  CFD- generated spray pa t te rns  and low- 
f r i c t i o n ,  low-leakage s i d e  and apex seals  f rom the  
11 f r i c t i on - reduc t i on81  element o f  the program f o r  t he  
f i n a l  t e s t  o f  t he  standard o r  s i n g l e - i g n i t i o n  
con f igu ra t i on .  The r e s u l t i n g  cu i se  BSFC was 230 
g/kwh ( 0.375 lbs/BHP-hr.), which s a t i s f i e d  the 
o r i g i n a l  p r o j e c t  BSFC mi lestone planned f o r  t he  end 
o f  FY 1991. For reasons which w i l l  be discussed 
below, i t  i s  c u r r e n t l y  unc lear  how o r  when the  
th ree  remaining advanced CFD-pocket r o t o r s  w i l l  be 
tested. 

Related Events: 
DEERE L CO. i n  September, 1990, announced 

p lans t o  s e l l  i t s  Rotary Engine D i v i s i o n  ( R E D I V  ) 
by November, 1991. This  posed some d i f f i c u l t y  f o r  
NASA, s i nce  the e f f o r t  was being c a r r i e d  out  a t  
R E D l V  and the  techn ica l  p lans and r e l a t e d  resources 
were o r i g i n a l l y  scheduled f o r  complet ion a t  t he  end 
o f  FY 1992. NASA responded by f i r s t  developing 
p lans t o  complete a worthwhi le subset o f  the 
o r i g i n a l  t echn ica l  e f f o r t  by November, 1991. 

AN ACCELERATION o f  one f u l l  year out  o f  two 
years remaining cou ld  not  be accomodated, however, 
wi thout  something being l o s t .  The major losses, as 
now perceived, a re  as fo l lows:  
1) The th ree  advanced, CFO-defined r o t o r  pocket 
shapes mentioned above, which r e f l e c t  t he  f i n a l  
outcome o f  many years o f  NASA-supported CFD 
research and c u r r e n t l y  e x i s t  i n  tes t - ready  
hardware, may n o t  be evaluated under NASA's 
sponsorship o r  t o  NASA's c r e d i t ;  and a l s o  q u i t e  
s i g n i f i c a n t l y ,  2) The maximum power and best  c r u i s e  
BSFC w i l l  no t  be demonstrable i n  a s i n g l e  bui ld o f  
the t e s t  r i g .  A f i n a l  i t e r a t i o n ,  i nco rpo ra t i ng  a t  
l eas t  one o f  t he  CFD-defined r o t o r s  and poss ib l y  
s t r u c t u r a l  mod i f i ca t i ons  f o r  h igher  peak pressures, 
would s t i  ll be requ i red  t o  demonstrate technology 
readiness i n  a convincing way. A lso needed a re  
t e s t s  o f  f u r t h e r  known improvements, such as 
ceramic seals  and coat ings and turbo-compounding, 
which might have been accomplished under the 
o r i g i n a l  schedule. 

AT PRESENT, i t  appears t h a t  the former 
REDIV operat ion has been taken over by a group 
known as Rotary Power, I n t e r n a t i o n a l  o r  R P I .  I t  i s  
c l e a r  t h a t  the f u t u r e  o f  t h i s  technology w i l l  
depend t o  a great  degree on t h e i r  comnitment, 
resources and techn ica l  c a p a b i l i t i e s .  

SUlURY 

PHASE I L I 1  

A TEST RIG r e f l e c t i n g  the  f l ow  l i n e s  and 
other  h igh  preformance features i d e n t i f i e d  i n  the 
e a r l y  s tud ies  was designed, bu i l t  and tested. The 
i n i t i a l  t e s t s  showed: smooth, r e l i a b l e  and 
repeatable ope ra t i on  over a wide power band; m u l t i -  
f u e l  c a p a b i l i t y ;  m i n i m u m  BSFC's i n  the  305 g/kwh 
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(0.5 lb./BHP-hr.) neighborhood; about 136 k u / l  (3 
HP/cu.in.); and no apparent s t r u c t u r a l  
de f i c ienc ies .  Fuel - i n j e c t i o n  techno1 ogy was 
i d e n t i f i e d  as the  f i r s t  major b a r r i e r  t o  obta in ing 
the f u l l  expected l e v e l s  of power output and 
e f f i c i e n c y .  

AN ADVANCED, very h igh pressure, 
e l e c t r o n i c a l  l y  c o n t r o l l e d  f u e l - i n j e c t i o n  system was 
then i d e n t i f i e d ,  procured and tested. Bench t e s t s  
were successful  i n  terms o f  f low ra tes  and response 
speed. I n  engine r i g  tes t i ng ,  the o r i g i n a l  s p e c i f i c  
power goal  was demonstrated w i th  r e l a t i v e  ease and 
a new long range goal  o f  230 kw/l (5 HP/cu.in.) was 
adopted. Unfor tunate ly ,  the c r u i s e  BSFC associated 
w i t h  t h i s  technology was no improvement over the 
o r i g i n a l  conf igurat ion.  Subsequent e f f o r t s  
the re fo re  focussed on improving the speed 
c a p a b i l i t i e s  o f  the more conventional, mechanical 
type f u e l  i n jec to rs .  

TURBOCHARGING was found t o  be a very 
e f f e c t i v e  way o f  improving the best BSFC as we l l  as 
the max power o f  t he  SCRE. Work r e l a t e d  t o  h igh -  
a l t i t u d e  turbocharging was i n i t i a t e d  t o  support 
a i r c r a f t  requirements. 

CFD developments and analyses r e l a t i v e  t o  
the SCRE were i n i t i a t e d  a t  Deere and a t  two o f  
NASA's suppor t ing contractors  o r  grantees. Deerels 
CFD code became operat ional  i n  1987 and l e d  rather  
q u i c k l y  t o  some h i g h l y  s i g n i f i c a n t  improvements t o  
the main f u e l  spray p a t t e r n  (IlfanlI o r  non-shadowing 
spray ) and t o  the p i l o t  spray as we l l  ("rabbit- 
ears" o r  d u a l - o r i f i c e  p i l o t  ). 

THE PHASE I 1  technica l  e f f o r t  was completed 
i n  F Y  1989. By then, the program had demonstrated 
195 kw/ l  (4.3HP/cu.in.), a c r u i s e  BSFC o f  about 256 
g/kwh (0.42 lbs/BHP-hr) on j e t  fue l ,  d iese l  f u e l  or  
a v i a t i o n  gasol ine and ( i n  terms o f  a design study) 
the p o t e n t i a l  t o  be a very e f f e c t i v e  powerplant f o r  
h igh  a l t i t u d e  appl icat ions.  Figure 11 s m r i z e s  
the  progress up t o  t h a t  point and l a t e r .  E a r l y  i n  
the program, the c r u i s e  BSFC was hover ing i n  the 
neighborhood o f  0.5 and o f t e n  higher,  wh i l e  the 
power d e n s i t y  was no t  apprec iab ly  b e t t e r  than tha t  
o f  automotive ro ta r i es .  By e a r l y  1989, h igh - ra te  
fue l  i n j e c t i o n  together w i t h  turbocharging had 
improved the s p e c i f i c  power t o  and beyond the 
o r i g i n a l  t a rge t  l e v e l  o f  182 kw/l (4  HP/cu.in.), 
a l b e i t  w i t h  no irmnediate BSFC improvement. Towards 
the end o f  Phase 11, t he  advent o f  CFD-driven spray 
and i n j e c t o r  nozzle mod i f i ca t i ons  caused a dramatic 
improvement i n  the BSFC c r i t e r i o n .  

PHASE 111 

CFD-ORIENTED approaches o f  Phase I 1  were 
cont inued and extended, w i t h  emphasis s h i f t i n g  
towards the design o f  advanced rotor -pocket  shapes 
and r e l a t e d  modif i c a t i o n s  t o  the  t rocho id  housings. 
As the r ight -hand p a r t  o f  Figure 11 ind icates,  
these e f f o r t s  together w i t h  f r i c t i o n - r e d u c t i o n  
measures and f u r t h e r  op t im iza t i on  of the 
engine/turbocharger match have resu l ted  i n  meeting 
the agreed BSFC goal o f  230 g/kwh (0.375 lbs/Bhp- 
h r )  f o r  the end o f  FY 1991. 

FRICTION-REDUCTION work and fu r the r  
improvements o f  the f u e l - i n j e c t i o n  system were also 
undertaken. Tests w i t h  a modi f ied high-speed fue l  
i n j e c t i o n  pump l e d  t o  meeting the 230 kw/l ( 5  
HP/cu.in.) s p e c i f i c  power goal. In  the  process, i t  

was observed t h a t  the r i g  was running too  r i c h  a t  
t h i s  power ; c y c l e  code p r e d i c t i o n s  i n d i c a t e d  t h a t  
an enlarged exhaust p o r t  would r e s u l t  i n  a leaner 
m ix tu re  and a major g a i n  i n  e f f i c i e n c y  a t  maximum 
power. 

DUAL-IGNITION housing t e s t s  gave mixed 
resu l t s .  A t  low t o  moderate powers, i t  gave the  
expected 8x-10% improvements i n  e f f i c i e n c y  o r  BSFC 
and t h i s  would be a s i g n i f i c a n t  accomplishment f o r  
most app l i ca t i ons  o f  the r o t a r y  engine. A t  h igher  
powers, however, t he  performance d e t e r i o r a t e d  
abrupt ly ,  unt i l  i t  was no b e t t e r  than the  previous, 
s i n g l e - i g n i t e r  basel ine.  The cause o f  t h i s  was 
found t o  be f a i l u r e  o f  t he  second i g n i t e r  t o  
prov ide r e l i a b l e  i g n i t i o n  a t  t he  retarded t im ings  
associated w i t h  h igh  power operat ion.  Thus, 
al though much was learned, t he re  was no immediate 
improvement from the  bo t tom- l i ne  a v i a t i o n  v iewpoint  
where c r u i s e  e f f i c i e n c y  a t  55%-75% power i s  the 
dominant requirement. 

FINAL TESTS w i t h  the  o r i g i n a l ,  s i n g l e -  
i g n i t i o n  con f igu ra t i on  were aimed a t  con t inu ing  
spray-pat tern op t im iza t i on  and improving the  
engine/turbocharger match. These brought the c r u i s e  
BSFC down t o  approx. 244 g/kwh (0.40 lbs./BHP-hr.) 
w i t h  the  o r i g i n a l  con f i gu ra t i on .  The f i n a l  t e s t  
w i t h  the  s i n g l e - i g n i t i o n  c o n f i g u r a t i o n  incorporated 
an enlarged exhaust po r t ,  an increased compression 
r a t i o  ( 8 . 4 : l  vs. 7.5:l 1, t he  best o f  t h e  CFD 
generated spray pa t te rns  and l o w - f r i c t i o n ,  low- 
Leakage s ide  and apex seals  from the " f r i c t i o n -  
reduct ion" element o f  the program. The r e s u l t i n g  
c r u i s e  BSFC was 230 g/kwh o r  0.375 lbs/BHP-hr. This 
together w i th  the 230 kw/ l  (5 HP/cu.in.) 
demonstration e a r l i e r  i n  the year, s a t i s f i e d  the  
p r o j e c t  mi lestones f o r  F Y  1991. 

DUE TO THE CHANGE OF OWNERSHIP, some 
uncer ta in t y  e x i s t s  as t o  whether, when o r  how t h e  
three advanced r o t o r s  which remain untested can be 
evaluated. Nevertheless, as F igure 12 suggests, 
there i s  a c l e a r  p o t e n t i a l  t o  proceed onwards from 
what has been accomplished already. Ue b e l i e v e  t h a t  
a t  l e a s t  one and poss ib l y  a l l  o f  t he  advanced 
pocket conf igurat ions,  when combined w i t h  the  
abovementioned advances, w i l l  be capable o f  meeting 
our o r i g i n a l  and very ambit ious goal .  I n  addi t ion,  
obvious f u r t h e r  p o s s i b i l i t i e s  e x i s t  as shown on the  
l a s t  three Lines. Ser ious i n v e s t i g a t i o n  o f  these as 
we l l  as the three advanced pockets i s  c l e a r l y  
warranted. 
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